Abstract Patients with schizophrenia exhibit deficient response monitoring as indexed by blunted activation of the dorsal anterior cingulate cortex (dACC) and functionally related regions during error commission. This pattern may reflect heritable alterations of dACC function. We examined whether the hypofunctional 677C>T variant in MTHFR, a candidate schizophrenia risk gene, contributed to our previous findings of blunted error-related dACC activation and reduced microstructural integrity of dACC white matter. Eighteen medicated outpatients with schizophrenia underwent diffusion tensor imaging and performed an antisaccade paradigm during functional magnetic resonance imaging (fMRI). T allele carriers exhibited significantly less error-related activation than C/C patients in bilateral dACC and substantia nigra, regions that are thought to mediate dopamine-dependent error-based reinforcement learning. T carrier patients also showed significantly lower fractional anisotropy in bilateral dACC. These findings suggest that the MTHFR 677T allele blunts response monitoring in schizophrenia, presumably via effects on dopamine signaling and dACC white matter microstructural integrity.
Introduction
Schizophrenia is consistently characterized by deficient response monitoring, which involves detecting errors, evaluating what went wrong, and adjusting behavior (Carter et al. 2001; Kerns et al. 2005; Laurens et al. 2003) . Extensive evidence from functional neuroimaging, electrophysiological, lesion, and intracranial recording studies indicates that response monitoring relies on the anterior cingulate cortex (ACC, Taylor et al. 2007) , which is functionally and structurally abnormal in schizophrenia (Carter et al. 2001; Fornito et al. 2009; Kerns et al. 2005) . Further, variation in ACC function during response monitoring shows evidence of heritability (Albrecht et al. 2008) , including in twin studies (Anokhin et al. 2008) , and has been related to specific genetic polymorphisms that affect dopamine neurotransmission in healthy individuals (Klein et al. 2007; Kramer et al. 2007 ) .
Here, we examined whether the methylenetetrahydrofolate reductase (MTHFR) 677C>T polymorphism contributes to ACC dysfunction during response monitoring in schizophrenia. MTHFR is a key regulator of intracellular methylation reactions, and the 677T variant, each copy of which reduces MTFHR activity by 35%, may influence dopamine signaling (Roffman et al. 2008a, b) . The 677T allele has been associated with increased schizophrenia risk (Allen et al. 2008; Gilbody et al. 2007 ). It has also been associated with more severe executive dysfunction in schizophrenia, including perseverative errors on the Wisconsin Card Sort Test; these errors reflect a failure to use feedback to adjust behavior, a fundamental component of response monitoring (Roffman et al. 2007 ). Finally, the 677T allele has been associated with more impaired recruitment of the dorsolateral prefrontal cortex during working memory performance in schizophrenia as measured by functional magnetic resonance imaging (fMRI) (Roffman et al. 2008a) . Given the functional nature of the C>T variant and the low frequency of T allele homozygotes (approximately 10% in Caucasians), as in prior work, we combined C/T and T/T participants as T allele carriers.
We focused on MTHFR effects in the dorsal ACC (dACC), which is theorized to mediate dopaminedependent learning from errors (Holroyd and Coles 2002) . In this theory, the striatum detects a mismatch between the intended (correct) versus actual (error) outcome. This mismatch or 'prediction error' results in a phasic decrease in mesencephalic dopamine release that disinhibits dACC neurons (Schultz 2002) and elicits the error related negativity (ERN), an event-related potential that follows error commission. According to this theory, both increased dACC activation and the ERN reflect the use of prediction error signals to modify the associative strength of stimulus-response mappings in the service of optimizing behavioral outcomes. Thus, both the ERN and dACC activation following errors have been theorized to index 'error-based reinforcement learning' (Holroyd et al. 2003; Holroyd et al. 2004) .
We previously reported blunted error-related fMRI activation in the dACC, striatum, and substantia nigra in schizophrenia, which was inversely correlated with error rate (Polli et al. 2008 ). This same sample of patients also showed reduced microstructural integrity of the white matter underlying dACC based on diffusion tensor imaging (DTI) measures of fractional anisotropy (FA, Manoach et al. 2007 ), a potential structural correlate of the observed dACC dysfunction. This finding is consistent with several prior reports of reduced FA in the cingulum bundle in schizophrenia (Ardekani et al. 2003; Hao et al. 2006; Kubicki et al. 2003; Sun et al. 2003; Wang et al. 2004) . In the present study, we reanalyzed the schizophrenia data to determine whether MTHFR genotype accounted for variability in these functional and structural dACC abnormalities. We expected that compared to C homozygotes, patients who carried the hypofunctional 677T allele, which may exacerbate their already deficient dopamine signaling (Roffman et al. 2008a ) and which was previously associated with decreased use of error feedback to modify performance (Roffman et al. 2007) , would exhibit more substantial blunting of error-related activation and greater reductions of dACC white matter microstructural integrity.
Materials and methods
The present study represents a reanalysis of fMRI and DTI data from two prior reports (Manoach et al. 2007; Polli et al. 2008) , which provide detailed descriptions of the brain imaging data acquisition and analysis procedures. The studies were approved by the Partners HealthCare Human Research Committee and all participants gave written informed consent.
Participant characterization
Patients with schizophrenia (n=18) were recruited from an urban mental health center, and schizophrenia diagnoses were confirmed using the Structured Clinical Interview for DSM-IV (First et al. 2002) . Participants with a history of substance abuse or dependence within the previous 6 months, or any other medical or neurologic condition affecting brain function, were excluded. All patients were taking atypical antipsychotics, except one participant taking fluphenazine. In patients, MTHFR 677C>T genotype was determined with the MassArray platform (Sequenom, San Diego) using previously described primers (Roffman et al. 2008a) . Given the low frequency of T/T genotype (n=1), C/C participants (n=8) were contrasted against T allele carriers (C/T + T/T, n=10). Genotype groups did not differ in age, gender, handedness as measured by the modified Edinburgh Handedness Inventory (Oldfield 1971; White and Ashton 1976) , estimated verbal IQ (American National Adult Reading Test, Blair and Spreen 1989) , symptom ratings on the Positive and Negative Syndrome Scale (PANSS, Kay et al. 1987) , or antipsychotic medication dose as measured by chlorpromazine (CPZ) equivalents (Woods 2003) (Table 1) . However, consistent with previous reports (Gilbody et al. 2007 ), Caucasians were overrepresented among T carriers.
Comparisons were also made between patient genotype groups and healthy volunteers (fMRI, n=15; DTI, n=19), who were not genotyped. Patients and healthy participants were demographically matched as previously described (Polli et al. 2008; Manoach et al. 2007 ). The healthy control group contained a mixture of Caucasian (n=17) and Asian (n=2) participants.
Antisaccade paradigm
We used an antisaccade paradigm to examine error-related activation. Antisaccades require one to inhibit the prepotent response of looking toward a suddenly appearing visual target (i.e., a prosaccade) and to instead look in the opposite direction. Patients with schizophrenia reliably show increased antisaccade errors (i.e., failures to suppress the prepotent prosaccade, for reviews see Gooding and Basso 2008; Levy et al. 1998) . Participants practiced in a mock scanner prior to scanning. The paradigm consisted of a pseudorandom sequence of prosaccade and antisaccade trials balanced for left-and right-sided movements, and fixation intervals lasting 2, 4, or 6 seconds (Supplemental Figure 1) . Six runs of the task produced 211 prosaccade trials, 211 antisaccade trials, and 80 fixation intervals. Participants were encouraged to respond as quickly and accurately as possible. In addition to a base rate of pay, they received 5 cents for each correct response. The ISCAN fMRI Remote Eye Tracking Laboratory (ISCAN, Burlington, MA) recorded eye position during scanning. The directional accuracy of each saccade with respect to the required response was scored using a MATLAB (Mathworks, Natick, MA) program.
fMRI acquisition and analysis
Images were acquired using a 3.0T Tim Trio whole body high speed imaging device (Siemens, Erlangen, Germany). Two high-resolution 3D structural images were acquired using an MPRAGE sequence (TR 2530 ms, TE 3 ms, flip angle 7°). Functional images were collected for 20 contiguous horizontal slices parallel to the intracommisural plane using a gradient echo T 2 *-weighted sequence with prospective acquisition correction (PACE) for head motion (TR 2000 ms, TE 30 ms, flip angle 90°, voxel size 3.13×3.13×5 mm 3 ). Analyses were conducted using FreeSurfer (Fischl et al. 1999a) and FreeSurfer Functional Analysis Stream (FS-FAST) (Burock and Dale 2000) software. To register data across participants, anatomical and functional scans were spatially normalized using a surface-based spherical coordinate system that employs a non-rigid alignment algorithm based on sulcal and gyral patterns Fischl et al. 1999a, b) and smoothed with a 2D 4.6 mm FWHM Gaussian kernel. Cortical activation was localized using an automated surface-based parcellation system (Fischl et al. 2004) . To investigate subcortical activation, structural and functional volumes were registered to the Montreal Neurological Institute (MNI305) atlas (Collins et al. 1994) , and coordinates were transformed to standard Talairach space using an algorithm developed by Matthew Brett (http://imaging.mrc-cbu.cam.ac.uk/imaging/ MniTalairach). All analyses included race as between-group factor to control for population stratification. Functional scans were motion corrected, intensity normalized, smoothed using a 3D 8 mm FWHM Gaussian kernal, and aligned to each participant's averaged structural scans. Finite impulse response (FIR) estimates (Burock and Dale 2000) of the event-related hemodynamic responses (HDR) were calculated separately for correct and error antisaccade trials for each participant at 12 time points (4 s prior to the start of the trial to 18 s after the start).
Analyses of Registered group data We compared C/C and T allele carriers on error-related activation based on the contrast of error versus correct antisaccade trials at 6 s following trial onset, the time point of maximal difference in both patients and controls (Polli et al. 2005 (Polli et al. , 2008 . To correct for multiple comparisons, 10,000 Monte Carlo simulations of synthesized white Gaussian noise were run on the cortical surface and in the volume, using the smoothing, resampling, and averaging parameters of the functional analyses. This determines the likelihood that a cluster of a certain size at a certain threshold (p<.01) would be found by chance (cluster-wise probability, CWP). These methods set the corrected overall probability level to 0.05.
Region-of-interest (ROI) analyses
ROIs were defined for the left and right dACC in all 18 participants using both anatomical and functional constraints. The (entire) ACC was defined using an automated parcellation for the cortical surface (Fischl et al. 2004 ). The ACC was divided into dorsal and rostral regions by drawing a line perpendicular to the intercommisural plane at the anterior boundary of the genu of the corpus callosum (Devinsky et al. 1995) . For each participant, the ROIs were functionally constrained to vertices within the dACC that showed error-related activation at p<.05 based on the averaged group of all 18 participants. The dACC is a functionally and anatomically heterogeneous region, and this constraint limited our inquiry to the dACC region involved in error processing. Because we selected vertices based on analysis of all participants, the region was not biased towards our hypothesis of more blunted error-related dACC activation in T-carriers than C/C patients. We averaged activation across voxels in the left and right dACC for each participant and used these values in repeated measures ANOVAs, with genotype and race as between-subject factors and condition (error or correct) and hemisphere as within-subject factors.
DTI acquisition and analysis
A subset of patients (n=6 C/C, n=9 T carrier) also underwent high-resolution DTI scans, using methods that are detailed in the original study (Manoach et al. 2007 ). Briefly, single-shot EPI DTI was acquired using a twice refocused spin echo sequence (Reese et al. 2003) with the following sequence parameters: TR/TE = 8400/82 ms; b=700 s/mm 2 ; NEX=1; ten T2 images acquired with b=0; 72 diffusion directions; 128×128 matrix; 2×2 mm in-plane resolution; 64 axial oblique (AC-PC) slices; 2 mm (0 mm gap) slice thickness; scan duration 12′44″. dACC ROIs were defined for each participant using the same anatomical boundaries as the fMRI analysis.
DTI data were analyzed as follows: (1) raw diffusion data were corrected for head motion and residual eddy current distortion via co-registration to a T2 image aquired with b=0, using FLIRT from the FSL software library (http://www.fmrib.ox.ac.uk/fsl); (2) diffusion tensor and FA values were reconstructed using the standard least squares fit to the log diffusion signal (Basser et al. 1994) ; (3) FA volumes were registered to high-resolution T1 volumes for each participant using the T2 volume as an intermediary; (4) following delineation of the white/gray matter boundary using Freesurfer , FA was sampled in the undeformed white matter 2 mm below the white/gray boundary for each vertex on the surface and then projected onto the white/gray interface. FA values were smoothed using n=50 iterations of replacement by nearest neighbors. This corresponds to smoothing by approximately 10 mm FWHM on the surface. This strategy minimizes partial volume contributions from cortical gray matter and preserves regional specificity; (5) average FA values across the left and right dACC ROIs were determined for each participant; (6) mean dACC FA for C/C and T carrier patients were compared using a mixed model ANOVA, with genotype and race as between-subject factors and hemisphere as a within-subject factor.
Relations of error-related activation with FA To determine whether the microstructural integrity of dACC white matter influenced error-related activation (error minus correct), and whether these relations differed as a function of either diagnosis or MTHFR genotype, we conducted two linear regressions of error-related activation on FA. The first included the entire sample and an interaction term of diagnosis by FA. The second regression included only patients and an interaction term of genotype by FA.
Control analyses
Motion To characterize average motion for each participant, the total translational motion in mm for three directions (x,y,z), as determined by the AFNI motion correction algorithm, was averaged across the six runs of the task and compared between groups.
Specificity To examine whether genotype differences in dACC activation were specific to response monitoring or represented a more general blunting of dACC function, we compared genotype groups on dACC activation in the contrast of correct antisaccades vs. fixation at 4 s, which is the time point showing maximal activation in ocular motor regions in both groups.
Comparisons to demographically-matched controls We compared dACC activation and FA in C/C and T carrier patients to that of the demographically-matched healthy control participants of our prior studies (n=15 for fMRI, n=19 for DTI, Manoach et al. 2007; Polli et al. 2008 ) to determine whether T carriers contributed disproportionately to the observed differences between schizophrenia patients and controls.
Results
Genotype groups did not differ in antisaccade performance (i.e., the latency of correct or erroneous antisaccades, antisaccade error rate, or rate of error self-correction) or in motion during fMRI scanning (Table 1) . fMRI Group comparisons of error-related activation on the cortical surface and in the volume are presented in Fig. 1 and Table 2 . Significant C/C>T effects were observed in bilateral dACC and other regions including the substantia nigra and right dorsolateral prefrontal cortex, which are thought to coordinate with dACC to mediate error-based Table 3 . The main effect of MTHFR genotype approached significance and there was a significant genotype x condition interaction. This interaction reflected that only C homozygotes showed significantly greater dACC activation for error compared to correct trials, and that the difference between C homozygotes and T carriers was greater for errors than correct trials. No main effects of race, condition, or hemisphere were observed. A significant genotype x condition x race interaction was seen; however, this interaction should be viewed with caution since there was only one African American participant in the T-carrier group.
The genotype by condition interaction is depicted in Fig. 2a . Although the genotype groups significantly differed in dACC activation only on error trials, it is possible that the reduced activation for T carriers on correct trials might have reached significance with a larger sample, which would be consistent with a more blunted dACC response for T carriers during response monitoring in general, not just for errors. To determine whether dACC function in T carriers was blunted for functions other than response monitoring, we compared genotype groups on dACC activation in the contrast of correct antisaccades vs. fixation at 4 s. This contrast identifies activation related to having to perform an antisaccade (i.e., inhibition of the prepotent response and executing a volitional motor program). Both genotype groups showed robust activation in the ocular motor network that did not differ significantly between groups, including in the dACC (Supplemental Figure 2 ). This suggests that the observed reduction in dACC activation during response monitoring for T carriers does not represent a more global pattern of dACC hypoactivation.
ROI-based comparisons of the two patient groups with the healthy controls of the prior study (Fig. 2b) 
DTI
T carriers showed significantly reduced FA in the dACC compared to C homozygotes [ Fig. 3, F(1,12) 
Discussion
Recent neuroimaging studies of healthy individuals demonstrate that common genetic polymorphisms affecting dopamine and serotonin neurotransmission contribute to variation in neural indices of response monitoring, including dACC activation and dACC functional connectivity with the striatum (Fallgatter et al. 2004; Klein et al. 2007; Kramer et al. 2007 ).
To our knowledge, this is the first demonstration that a common polymorphism associated with schizophrenia risk contributes to a neural index of abnormal response monitoring in patients and to reduced microstructural integrity of the white matter underlying the implicated region. Patients with the 677T allele exhibited reduced FA of dACC white matter and significantly less error-related activation than C/C patients in the dACC, substantia nigra, and dorsolateral prefrontal cortex. These regions show error-related activation in healthy individuals (Polli et al. 2008; Taylor et al. 2007) and are hypothesized to mediate dopamine-dependent errorbased reinforcement learning (Holroyd and Coles 2002) , although others have theorized that error-related dACC activation and error related negativity could instead reflect response monitoring regardless of error commission (Carter et al. 1998) , or index other action-regulation functions within the Papez circuit (Luu et al. 2003) . Because response monitoring is the product of coordinated activity in ACC networks, we also examined the microstructural integrity of the white matter underlying the dACC using DTI measures of FA. Similar to our findings with fMRI, T allele carriers showed reduced microstructural integrity of dACC white matter compared to C/C patients, and only the T carriers showed reduced FA relative to healthy controls. Thus, the FA differences between patients and controls in our prior study (Manoach et al. 2007 ) were largely driven by T carriers. It is also possible, though speculative, that differences in sample composition with regard to T allele frequency might have contributed to discrepancies in the literature between positive (Ardekani et al. 2003; Hao et al. 2006; Kubicki et al. 2003; Sun et al. 2003; Wang et al. 2004 ) and negative (Agartz et al. 2001; Burns et al. 2003; Foong et al. 2002) reports of reduced FA in the cingulum bundle in schizophrenia. Along with our prior finding that MTHFR 677T was specifically related to a behavioral index of response monitoring (i.e., perseverative errors, Roffman et al. 2007) , our current findings concerning dACC function and structure demonstrate a detrimental influence of MTHFR 677T on behavioral and functional indices of response monitoring in schizophrenia and the structural integrity of the implicated region.
Blunted error-related activation in schizophrenia is thought to be disadvantageous and may reflect deficient error-based reinforcement learning. In these same patient and control samples, we previously reported that blunted error-related dACC activation predicted a higher error rate (Polli et al. 2008 ). This finding is consistent with prior reports in healthy individuals that both error-related ACC activation and the ERN are inversely related to error rate (Brown and Braver 2005; Fitzgerald et al. 2009; Hajcak et al. 2003; Holroyd and Coles 2002) . It is also consistent with the theory that both increased dACC activation and the ERN reflect the use of dopamine-dependent error signals to modify the associative strength of stimulus-response mappings in the service of optimizing behavioral outcomes (Holroyd et al. 2003 (Holroyd et al. , 2004 . Thus, both dACC activity following errors and the ERN can be conceptualized as dopamine-dependent training signals that are used to learn from errors (Brown and Braver 2005; Holroyd and Coles 2002) . A more blunted dACC response in T carriers suggests reduced learning from errors that may contribute to more severe perseverative behavior, a common feature of schizophrenia.
Compared to control participants, C/C patients exhibited a significant increase in dACC activation following correct responses. This may represent a hemodynamic correlate of the correct-related negativity (CRN), an event-related potential that is sometimes observed following correct responses, and that is enhanced in schizophrenia (Mathalon et al. 2002) . It may also reflect greater response uncertainty (Scheffers and Coles 2000) or greater or more persistent effects of response conflict from the requirement to perform an antisaccade (Carter and van Veen 2007) .
Previous work from our group and others has indicated that in addition to increasing overall risk for schizophrenia (Allen et al. 2008) , the 677T allele is associated with earlier age of onset (Vares et al. 2009 ), more pronounced negative symptoms (Roffman et al. 2008c) , reduced verbal fluency, and more severe executive dysfunction (Roffman et al. 2007) , as well as with blunted working memory loaddependent dorsolateral prefrontal cortex recruitment (Roffman et al. 2008a ) in schizophrenia patients. Effects of the 677T allele on executive dysfunction (Roffman et al. 2008b ) and related brain activation (Roffman et al. 2008a) are augmented by the high-activity 158Val variant of COMT, which catabolizes cortical dopamine more efficiently than the 158Met variant. These findings suggest that the 677T allele may exacerbate underlying cortical dopamine deficiency in schizophrenia. While the size of our cohort precluded the study of interaction of COMT 158Val>Met with MTHFR on dACC function during response monitoring, it would be of interest to examine these effects, and those of other genes that putatively influence dopamine signaling in schizophrenia.
We observed MTHFR genotype effects on error-related activation in three reciprocally connected areas that comprise a circuit for dopamine-dependent error-based reinforcement learning (Holroyd and Coles 2002) : dACC, substantia nigra, and dorsolateral prefrontal cortex. We also saw greater activation for C homozygotes in the ventrolateral prefrontal cortex, which has been associated with posterror adjustments of performance (Li et al. 2008) . Based on these findings we are not able to determine whether these effects reflect the actions of MTHFR in one of these regions or elsewhere in the brain, or whether they reflect the effects of MTHFR on dopamine, glutamate, GABA, and/or other neurotransmitter systems that have been implicated in schizophrenia. In prior work we observed that MTHFR interacts with COMT 158Val>Met to affect fMRI activation in the dorsolateral prefrontal cortex (Roffman et al. 2008a) suggesting that it affects prefrontal dopamine. Another variant affecting prefrontal dopamine, DRD4 SNP -521, has been shown to affect the ERN (Kramer et al. 2007 ). In addition, DRD2-TAQIA, which modulates dopamine D2 receptor density and has been associated with dopamine synthesis in the striatum (Laakso et al. 2005) , also affects dACC activation during response monitoring (Klein et al. 2007 ). More basic research will be necessary to understand the mechanisms of MTHFR effects.
We report a T allele-related reduction in FA in the white matter underlying the dACC in schizophrenia. Given the small sample, we view this finding as preliminary. FA was not significantly related to error-related activation, and this relation did not differ as a function of diagnosis or genotype, but we again note that the study may have been underpowered to detect meaningful relations between dACC function and structure. The mechanism through with MTHFR may influence white matter integrity in schizophrenia remains uncertain; however, the lack of an interactive effect of MTHFR genotype and FA on error-related dACC activation suggests that the two deficits may be relatively independent sequelae of having the T allele. Interestingly, MTHFR deficiency has been associated with leukoencephalopathy (Bishop et al. 2008; Tallur et al. 2005; Walk et al. 1994) , and the 677T allele has been linked to white matter lesions in large cohorts of elderly subjects (Hong et al. 2009; Kohara et al. 2003) . These reports speculate that the observed white matter changes are due to homocysteine elevations, a direct metabolic consequence of low MTHFR activity. Although folate and homocysteine levels were not available for the present cohort, it would be of interest to examine interactive effects of these markers with MTHFR genotype in future schizophrenia neuroimaging studies.
It is well-accepted that genetic variation influences brain function and contributes to cognitive deficits in schizophrenia. However, such genetically-mediated alterations in brain function are not always manifest at the level of behavior. In the present study, despite the significant differences in dACC activation between genotype groups, there were no differences in task performance (antisaccade error rate, latency, or rate of error self-correction), a pattern frequently observed in the COMT/working memory literature [e.g., (Ho et al. 2005) ]. Intact behavior may reflect the use of an alternate strategy and/or the recruitment of compensatory neural circuitry. It may also reflect that brain function is more proximal to putative genetic mechanisms than behavior, and larger sample sizes might be required to observe a behavioral effect.
Although previous work demonstrated stronger MTHFR effects on DLPFC activation in schizophrenia patients than controls (Roffman et al. 2008a) , it is possible that effects of MTHFR on error-related dACC activation and dACC white matter microstructural integrity would also be seen in healthy participants, who were not genotyped for this study. This, the small sample size, and the different racial composition of the genotype groups comprise the primary limitations of this investigation, which should be viewed as preliminary until replicated in a larger and more homogeneous cohort. In the present study, however, there were no significant main effects of race, or race by genotype interactions and the results did not change substantially when race was removed from the model (main effects of MTHFR on fMRI: p changed from .07 to .05; main effects of MTHFR on DTI: p changed from .03 to .007). This suggests that neither race itself, nor adjustment for race, contributed substantially to our findings.
In summary, the present findings that MTHFR 677T genotype is associated with more abnormal dACC structure and function during response monitoring add to a highly convergent body of evidence implicating this allele in executive dysfunction in schizophrenia. We hypothesize that the observed genotype effects are mediated by dopaminergic signaling in the dACC circuitry implicated in error-based reinforcement learning (Holroyd and Coles 2002) . The more blunted error-related activation in T allele carriers may exacerbate reinforcement learning deficits in schizophrenia (Waltz et al. 2007 ) and thereby contribute to rigid, perseverative behavior, a hallmark feature of the disorder.
